These substances were dissolved separately in small quantities, pooled, and made up to a liter with distilled water. After adjustment to the desired pH the solution was boiled, filtered, and autoclaved. The usual inoculum for the customary 1 0-ml. culture volume was one drop of a 1/1000 dilution of a twice-washed 18-to 24-hour culture of E. coli. This amounted.to approximately 50,000 cells. Growth in 24 hours is abundant at pH 6.8, and rather less good at pH 6.0 and pH 7.6. The various drugs were made up in the medium in stock solutions of the desired strength with sufficient NaOH to give the proper H-ion concentration, and sterilized, as a rule, in the autoclave. Final readings for bacteriostasis were made after incubation for 5 days at 370 C. Half dissociation seems to give a maximum effect.
It seems to be true that in many cases an intact molecule is better able to penetrate a cell than are ions of that molecule. Phenol is more effective as a germicide than is sodium phenolate. The fatty acids are much more bactericidal than are their salts, even after making allowances for the action of the hydrogen ion. Acetic acid can penetrate certain cells more readily than can hydrochloric. It seems possible, therefore, that the sulfonamide may be better able to enter the bacterial cell in its molecular than in its ionic form. If we let c be the bacteriostatic concentration of a drug, and a that fraction ionized, (1 -a.)c will represent the concentration available at any instant to diffuse into the cell. Assuming that the intracellular pH is that of the medium and that ionization of the drug takes place in the cell as it does outside, the ionic concentration within the cell at any instant will be some function of (ac-a'2)c.
We may assume, therefore, that when (a-a2)c has reached a critical value bacteriostasis will definitely have been established. Distribution experiments not presented here suggest that there are marked differences in the abilities of the various drugs to enter the E. coli cell, and that considerable time is required for equilibrium to be attained. The drugs examined fall in the following order of decreasing distribution to the cell: sulfathiazole, p-aminobenzoic acid, sulfanilamide, sulfapyridine, sulfanilic acid. The differences did not appear sufficiently great to account for the wide range of the bacteriostatic concentrations of the substances, but it is quite probable that a diffusion factor should be included in any complete formula for antibacterial action.
Theoretically, this treatment of the data should bring the different compounds in line with the hypothesis. When pKa=pH the substance is half in salt form, a-a2 is at a maximum and equal to 0.25. When pKa > pH, 1 -a, the un-ionized fraction, is the larger; that is, more of the substance is available to diffuse, though once in the cell it ionizes but little. When pKa < pH, the un-ionized fraction is small, so that while less enters the cell than in the preceding cases a large part of this is ionized. The product of a and 1-a will, then, be a constant in the case of two compounds with their respective pKa values lying at equal intervals on either side of the culture pH level. This Is approximately the case with sulfapyridine and with 2-sulfanilamido-1,3,4 thiadiazole. Moreover, when pKa is above the pH culture zone a-a2 will increase with increasing pH, i.e., less of the substance will be needed to produce bacteriostasis; while when pKa is below the zone, a-a will increase with decreasing pH, with a like effect on the amount of bacteriostat required. The behavior of the two drugs just mentioned conforms rather well, and it may be seen from Table 2 that, in general, these predicted results occur. Table 2 contains, in addition to the bacteriostatic concentrations, values of a-as well as the product (a-x2)c. Considerable differences may be seen in this product which, of course, to support the hypothesis fully, should be a constant. These differences may be due to several factors. 1) The exact bacteriostatic concentration is difficult to determine. 2) A diffusion factor should perhaps be included.
3) The assumption that the pH and ionization constants are the same within the cell as without may not be valid. 4) There is a large error incurred in calculating the ionized fractions at the extremes of the ionization curves. This error would be particularly present in the figures for sulfaguanidine, sulfanilamide, and sulfanilic acid.
If it be granted that the data presented here satisfactorily support the hypothesis that the acid strength of the sulfonamides is a dominating factor in their bacteriostatic action, then one inference to be drawn is that the fundamental active unit in substances of this type is -<=> SO,N . The influence of the various substituents will be largely, as far as the bacteriostatic activity is concerned, one of changing the ionization constant of the resulting compound and of altering the ease with which it can penetrate the bacterial cell. The influence of modifications in affecting clinical behavior, while of extreme importance, is beyond the scope of this discussion.
The one compound which seems to be distinctly at variance with theory is sulfaguanidine. It would be of interest to determine the activity of a similar compound having a pKa value near 7. Summary Evidence is presented to support an hypothesis that the acid strength of the various sulfonamide compounds may play a large part in their bacteriostatic action.
It seems to hold true, in general, that the bacteriostatic power is at a maximum when the pKa of the agent is close to the pH of the culture medium, and decreases progressively as the pKa values depart in either direction from this pH.
When the pKa is on the alkaline side of the culture pH range an increase in pH aids bacteriostatic power, while w'hen the pKa is on the acid side a decrease in culture pH has a similar effect.
Several sulfonamide derivatives other than those included above have been partially examined and found to behave in harmony with these. The author is indebted to Dr. W. H. Feinstone and Dr. E. H. Northey of the American Cyanamid Co., for their kindness in supplying some of the substances.
